This paper proposes a novel spatial-modulated multicarrier sparse code-division multiple access (SM/MC-SCDMA) system for achieving massive connectivity in device-centric wireless communications. In our SM/MC-SCDMA system, the advantages of both MC signalling and SM are amalgamated to conceive a low-complexity transceiver. Sparse frequency-domain spreading is utilized to mitigate the peak-to-average power ratio (PAPR) of MC signalling, as well as to facilitate low-complexity detection using the message passing algorithm. We then analyze the single-user bit error rate performance of SM/MC-SCDMA systems communicating over frequency-selective fading channels. Furthermore, the performance of SM/MC-SCDMA systems is evaluated based on both Monte-Carlo simulations and analytical results. We demonstrate that our low-complexity SM/MC-SCDMA transceivers are capable of achieving near-maximum likelihood (ML) performance even when the normalized userload is as high as two, hence constituting a variable solution to support massive connectivity in device-centric wireless systems.
I. INTRODUCTION
I N RECENT years, sparse code division multiple-access (SCDMA), one of the most popular non-orthogonal multiple-access (NOMA) schemes, has been considered as a promising next-generation (5G) candidate technique [1] - [7] . In contrast to the classic CDMA, where user data are spread over all chips simultaneously [8] , in a SCDMA system, each user's data is spread using sparse time-domain or frequencydomain spreading sequences [2] . For example, a low density signature (LDS) based technique has been proposed in [1] to exploit the beneficial properties of sparse signatures for approaching the optimum performance in systems supporting a high user-load by relying on the massage passing algorithm (MPA) [9] , [10] . Further studies include the design of sparse code multiple-access (SCMA) [3] , which amalgamates modulation, spreading as well as constellation shaping into a single codebook. Explicitly, the data are no longer carried only by the amplitude and phase modulated (APM) symbols but by specifically designed multi-dimensional codewords. Hence, additional coding gain becomes achievable by the proposed design of the code books mapping the data to the codewords. We also note that powerful yet low-complexity receiver designs based on the MPA have been proposed in [11] - [16] , which are capable of reducing the detection complexity at the cost of a modestly degraded BER performance in comparison with the optimum detection based on maximum likelihood detection (MLD).
On the other hand, spatial modulation (SM) [17] - [24] has been regarded as a promising low-complexity multipleinput multiple-output (MIMO) technique, activating a single antenna or a fraction of all transmit antennas (TAs) at a time. Specifically, in SM, the transmitter encodes part of the information bits into the active TA indices by space-shift keying (SSK) [25] , [26] , while the activated TAs can further convey some information by conventional APM, such as phase shift keying (PSK) or quadrature amplitude modulation (QAM). In this way, the overall throughput can be increased by the extra SSK modulated bits.
SM has also been studied in conjunction with multipleaccess (MA) communications [27] - [32] . Specifically, in [27] , SM has been combined with spatial division multiple access (SDMA), where both single-user and multiuser interference-aware detectors were considered. In [28] , the bit error ratio (BER) performance of SSK-modulated or generalized SSK (GSSK)-modulated SDMA systems employing single-user detection or multiuser MLD has been investigated. In [29] , a SSK-modulated antenna-hopping SDMA system and a range of linear as well as non-linear multiuser detectors (MUD) were proposed. By exploiting the sparsity of the SM signals, in [30] , compressive sensing (CS) aided detection algorithms have been proposed for large-scale SDMA systems. Zheng [31] has also conceived a massive SM aided MIMO system, and proposed an efficient search algorithm for signal detection. Furthermore, in [32] , massive MIMO systems combined with generalized SM (GSM) have been proposed relying on two MPAs for parallel interference cancellation.
Furthermore, in order to support large-scale connectivity in the next generation communication systems, SM has been studied in the context of the NOMA principle [33] - [37] . In more detail, a joint NOMA-SM transmission scheme has been proposed in [33] for attaining an increased bandwidth efficiency in downlink time-varying channels. In [34] , a cooperative vehicle-to-vehicle NOMA combined scheme with SM has been introduced and its performance has been investigated. Furthermore, Wang et al. [35] have proposed and investigated a general NOMA downlink scheme relying on SM. By contrast, a SM-assisted two-user NOMA uplink scheme based on SDMA principles has been studied in [36] . Additionally, in [37] , a low-complexity SCDMA system combined with SM has been proposed for supporting heavily loaded machine-type communications.
In the above-mentioned references on SM aided uplink MA communications, Siregar et al. [36] have only considered a two-user scenario. The SM-SCDMA scheme studied in [37] is capable of supporting heavily loaded MA by assigning different users sparse codes for direct-sequence (DS) spreading. However, frequency-flat fading has been assumed in [37] . If practical frequency-selective fading channels are considered, SM-SCDMA will suffer from inter-symbol interference (ISI), hence the complexity of the MPA-relied detector (MPAD) is exponentially increased with the number of paths of the frequency-selective fading channels. It is widely recognised that an effective solution to combat frequency-selective fading is to employ multicarrier (MC) signalling [38] , which is capable of exploiting the energy scattered across the frequencydomain via combining the signals gleaned from different subcarriers. Furthermore, MC signalling benefits from the employment of efficient fast Fourier transform (FFT) based modulation techniques for low-complexity implementation. However, MC signalling has the disadvantage of high peakto-average power ratio (PAPR), making its employment in the uplink energy-inefficient, which becomes critical in devicecentric communications. To be more specific, for a conventional MC system simultaneously activating all its N subcarriers, the PAPR is N [38] , [39] . By contrast, for a MC-SCMA system activating only d f out of its N subcarriers, the PAPR is only d f . Here, it is worth noting that d f in SCMAassisted systems is usually a very small value, typically 2 or 3, regardless of the value of N [1], [37] . Hence, the SCMAassisted MC schemes are capable of mitigating the PAPR problem of conventional MC systems.
Bearing in mind the above-mentioned issues, we exploit the joint space-, time-, and frequency-domain resources for transmission over frequency-selective fading channels. Explicitly, we propose a novel SM-aided MC SCDMA (SM/MC-SCDMA) system employing LDS spreading sequences, in order to support multiuser communications in ultra-dense deployments requiring massive connectivity. It is shown that our proposed SM/MC-SCDMA scheme is capable of circumventing the aforementioned problems, due to its following merits. Firstly, in contrast to [37] , the SM/MC-SCDMA system incorporating MC signalling exploits the frequency-selective fading to achieve frequency diversity. Secondly, by introducing sparse code based spreading in the frequency-domain, which results in only a very small fraction (typically 2 or 3) of subcarriers being activated by each user, the PAPR problem can be efficiently mitigated. This is because for a N -subcarrier MC system, the PAPR is N [38] . By contrast, when d x sparse codes are employed, the PAPR is reduced to d x , which is usually very small, as above-mentioned. Furthermore, similar to [37] , employing sparse spreading allows a SM/MC-SCDMA system to achieve near-optimum BER performance, even when it is heavily loaded with a normalized loading factor as high as two. Hence, the proposed SM/MC-SCDMA scheme with MPAD exhibits all the compelling characteristics required for supporting massive connectivity in device-centric communications.
Against this backdrop, the novel contributions of this paper are summarized below.
1) A SM/MC-SCDMA system is proposed for supporting massive uplink connectivity. In the proposed system, SM is employed for reducing the number of radio frequency (RF) chains. In contrast to the SM-SCDMA system proposed in [37] , which assumes flat fading, the SM/MC-SCDMA employs MC signalling to combat frequencyselective fading. Sparse spreading is employed for the sake of facilitating low-complexity detection, whilst significantly alleviating the PAPR problem of MC systems. Furthermore, a MPAD is developed for the SM/MC-SCDMA system for low-complexity detection, even in the face of a high normalized user-load. 2) Since our proposed SM/MC-SCDMA system is designed for operation in practical frequency-selective fading channels, which result in correlated fading in the frequency-domain, the single-user BER bounds derived in [40] - [43] cannot be directly exploited, since all of them assume independent flat Rayleigh fading. Therefore, we analyze the single-user BER bound of the SM/MC-SCDMA system, when assuming that the signals experience frequency-selective fading, whilst taking into account the correlation among the subcarriers. 3) Based on the single-user BER bound, we propose the guidelines for sparse code design. Furthermore, we conceive a sparse code allocation technique for achieving a high diversity gain. 4) The BER performance of the proposed SM/MC-SCDMA system using MPAD is studied both by Monte-Carlo simulations and by our analytical results. Additionally, the SM/MC-SCDMA scheme is generalized to the SM/MC-SCMA arrangement for the sake of obtaining extra shaping gain. Furthermore, the BER performance of both SM/MC-SCDMA and SM/MC-SCMA is compared to that of other related legacy MIMO schemes.
The rest of this paper is structured as follows. Section II describes the transmitter and receiver schematics of the proposed SM/MC-SCDMA system. Different detection algorithms are detailed in Section III, whereas the analysis of the single-user BER bound of SM/MC-SCDMA system is provided in Section IV. Section V characterizes the BER performance of the SM/MC-SCDMA systems in different 
II. DESCRIPTION OF THE SM/MC-SCDMA SYSTEM
In this section, we describe the SM/MC-SCDMA system model, which includes the transmitter model of Section II-A and the receiver of Section II-B. In the SM/MC-SCDMA system considered, we assume that the number of subcarriers N is significantly higher than the number of resolvable time-domain paths L, in line with the MC systems' typical design [39] . Hence, the individual subcarriers experience the flat fading, but the adjacent subcarriers may experience correlated attenuation. The other assumptions and notations will be detailed along with our discussions.
A. Transmitter Model
We investigate a single-cell uplink MC communication system, where K users simultaneously transmit their information to a BS over frequency-selective fading channels in the timedomain. We assume that each user employs M 1 TAs, while the BS employs U receive antennas (RAs). For simplicity, during a symbol period, each user sends a symbol by activating one of the M 1 TAs to transmit an M 2 -ary APM (M 2 APM) symbol using SM [17] . Our scheme can be readily extended to activating multiple TAs to convey multiple APM symbols [19] , [20] . Therefore, as in [17] and [37] , the symbol conveyed by the indices of the M 1 TAs is referred to as the SSK symbol, which assumes a value from S 1 = {0, 1, ..., M 1 − 1}, and has b 1 = log 2 M 1 bits per symbol (BPS). Meanwhile, the b 2 = log 2 M 2 bits of an M 2 -ary APM symbol takes a value from S 2 = {s 2,0 , s 2,1 , ..., s 2,M2−1 }. Furthermore, we assume that the elements in S 2 are normalized to satisfy 
to an M 2 -ary APM symbol s k2 ∈ S 2 , which is first spread by a sparse code of length N assigned to user k. Let the spreading code assigned to user k be expressed as c c c k = [c k0 , c k1 , ..., c k(N −1) ] T , which is normalized to satisfy c c c k 2 = 1 [1] . Then, the spread-spectrum signal s k2 c k c k c k is IFFT transformed to the time-domain, which is followed by the parallel-to-serial (P/S) conversion. Finally, after adding a cyclic prefix (CP) of sufficient length, the SM/MC-SCDMA signal is transmitted from the s k1 -th TA activated by the
For the sparse spreading codes, we assume d x << N to be the maximum number of chips that a user's signal spreads over. Correspondingly, the number of users sharing one of the N chips is denoted by d c , which has the property of d c << K. For simplicity, we set both d x and d c to constants, implying that regular spreading codes are employed in our SM/MC-SCDMA system.
Additionally, for the convenience of our ensuing discussions, the symbols transmitted by K users is expressed as 
B. Receiver Model
Given the channel impulse response (CIR) between the s k1 th TA of user k and the uth RA of the BS as
s k1 ,L−1 ] T , s k1 = 0, . . . , M 1 − 1; u = 1, 2, · · · , U; k = 0, 1, · · · , K − 1, (1) the corresponding frequency-domain channel transfer function (FDCHTF) experienced by the N subcarriers can be expressed as [38] 
where Φ Φ Φ L is a (N ×L) mapping matrix constituted by the first L columns of an identity matrix I I I N , and F F F is the (N × N ) FFT matrix having the property of
The receiver schematic of the SM/MC-SCDMA system is shown in Fig. 2 , where the CP removal, S/P conversion and the FFT blocks are conventional, which follow [38] . Consequently, after the FFT-based detection operation to transform the timedomain signals to the frequency-domain, the observations obtained from the N subcarriers of the uth RA can be expressed as
where we have C C C k = diag{c c c k }, the noise vector n n n u obeys the zero-mean Gaussian distribution with a ,
and n n n = [n n n T 0 , n n n T 1 , · · · , n n n T U−1 ] T . Note that all these vectors are U N -dimensional. Then, it can be shown that we have 
In the above equations, ⊗ denotes the Kronecker product [44] , and we haveĤ
whereĥ h h mk is in the form ofĥ h h s k1 defined above and with s k1 = m, while e e e s k1 is a M 1 -length vector with the s k1 th element being 1. The rest of the elements are zeros. Still referring to (4), we have
and finally, we have e e e s1 = e e e T s11 , e e e T s21 , · · · , e e e T sK1 T and s s s 2 = [s 12 , s 22 , · · · , s K2 ] T .
We consider the signal detection in the sequel.
III. SIGNAL DETECTION IN SM/MC-SCDMA SYSTEMS
In this section, we first consider the optimal MLD in Section III-A, followed by the optimal MAPD in Section III-B. Then, a low-complexity near-optimal detector based on message passing algorithm (MPA) is introduced in Section III-C.
A. Maximum-Likelihood Detection (MLD)
The MLD detects the symbols transmitted by K users based on the maximum likelihood principle. For clarity, in this paper, x,x andx represent a transmitted symbol, a symbol hypothesized by the search algorithms and a detected symbol, respectively. Based on (4), the MLD finds the estimate of x x x by solving the optimization problem of
wherex k =s k1 |s k2 represents a composite SSK-APM symbol transmitted by user k, determining the corresponding CIRĥ h hs k1 ands k2 used in (5) , while {a} returns the real part of a. It can be readily shown that in (5), we have:
where C k is a set defined to contain all the d x indices having non-zero entries in c c c k . In (5), the second term can be simplified tõ
where the set C k ∩C i represents the specific indices, where both c c c k and c c c i have non-zero entries. Upon applying the simplified results in (6) and (7) to (5), we obtain
Observe from (8) that for a givenx x x and assuming that two users share at most one subcarrier, the number of complex multiplications is about (3d x KU + 5K 2 U ), which is much lower than the value of (3N KU + 5N K 2 U ) required, when full-weight spreading sequences are employed. Nevertheless, the complexity order of the MLD is still O(M K ), given the M K number of tests given byx x x ∈ S K in (8) . Hence for the massive number of connections supported by a SM/MC-SCDMA system, this high complexity will prevent the MLD from practical implementation. Below we consider the symbolbased MAPD, which facilitates the implementation using belief propagation algorithms [9] , [10] , [45] .
B. Maximum A Posteriori Detection (MAPD)
Given a user, the MAPD operated on a symbol-by-symbol basis maximizes the a posteriori probability of a symbol [46] , for estimating the symbol transmitted by the user. In detail, given the observations of (4), the estimate of the kth user's symbol is obtained by solving the optimization problem of
Upon applying Bayes' rule [47] , we obtain
where p(y y y|x k ) is the probability density function (PDF) of y y y for a givenx k , while p(y y y|x x x k ,x k ) is the PDF of y y y for a given
are the a priori probabilities ofx k and x x x k , respectively. It can be shown that for a given (x x x k ,x k ), the observations {y un } are independent. Hence, we can further express (10) aŝ
where K k is the set of users interfering with user k. To be more specific, the set K k contains all the indices of the users sharing at least one subcarrier with user k. Correspondingly, |K k | is the cardinality of K k . Let x x x [n] be a d c -length vector containing the symbols sent by the d c users sharing the nth subcarrier, which includesx k , if user k occupies the nth subcarrier. Then (11) can be further simplified tô
When x x x [n] is given, the PDF of p(y un |x x x [n] ) can be expressed as
where we express D n as the set containing the indices of the users sharing the nth subcarrier. We can infer from (12) that the complexity of the MAPD is O(M |K k | ). When sparse spreading codes are employed, |K k | is determined by d x and d c . More specifically, when regular sparse codes are employed, resulting in d x and d c being constants, we can readily show that we have |K k | = d x (d c −1), provided that no two users share more than one subcarrier. Since we have d x N and d c K, and typically d x = 2, 3 and d c = 3, 4 for SM/MC-SCDMA systems, the detection complexity of MAPD can be much lower than that of the MLD discussed in Section III-A. Furthermore, as shown below, Fig. 3 .
A example showing the factor graph representation of the the SM/MC-SCDMA system with regular sparse sequences and the parameters of N = 6, K = 9, dx = 2, and dc = 3.
with the aid of the MPA, a MPAD having a further reduced detection complexity, yet attaining a near-MAPD performance can be implemented.
C. Message Passing Algorithm-Aided Detection (MPAD)
The classic factor graph [1] , [9] that is convenient for characterizing the decoding of LDPC codes can be introduced to visualize the relationship between the K users' transmitted symbols and the observations obtained at the BS receiver in the proposed SM/MC-SCDMA system. As shown in Fig. 3 for the case of K = 9 and N = 6, the K symbols each taking a value from S are represented by the K variable nodes, whereas the U N observations obtained from N subcarriers and U RAs are represented by N check nodes. Each check node corresponds to a subcarrier and contains U observations obtained from the same subcarrier and U RAs. As shown in Fig. 3 , each check node is connected to a small number of variable nodes, which is determined by the sparse spreading codes assigned to the K users. On the other hand, each variable node is connected to a small fraction of check nodes, which is determined by the number of non-zero elements of the sparse spreading code assigned to the corresponding user. As shown in Fig. 3 , each variable node is connected to two check nodes, representing that any sparse spreading code has two non-zero elements. By contrast, each check node is connected to three users, meaning that each subcarrier is shared by three users.
For describing the MPAD, let the d c connections with the check node i, and the d x connections with the variable node j be defined respectively by the sets
where e ji = 0 indicates that there exists an edge e ji between the check node i and the variable node j. Based on the factor graph of Fig. 3 , let us now detail the MPAD's operation in our proposed SM/MC-SCDMA system.
In Fig. 3 , via the edge e ji , information can be conveyed upward from the check node i to the variable node j. Information can also be conveyed downward from the variable node j to the check node i. Correspondingly, the probability δ sm,t i,j defines the amount of information conveyed from the check node i to the variable node j during the tth iteration. Here, δ sm,t i,j represents the probability of x j = s m , when given the probabilities received by the check node c i from all the connected variable nodes, after excluding x j . By contrast, the amount of information sent from the variable node x j to the check node c i in the tth iteration is expressed as η sm,t j,i . Similarly, η sm,t j,i is the probability of x j = s m , when given the probabilities received by the variable node x j from all the connected check nodes, after excluding c i . With the aid of the above definitions, following [48] , the MPAD relies on the following steps.
First, η sm,0 j,i is initialised to 1/M for all s m ∈ S and any e j,i = 0. Then, at the t-th iteration, δ sm,t i,j for i ∈X i and j ∈C j can be updated as
where xv ∈x x x [i] \xj η xv,t j,i is the a priori probability of a given
is given by (13) . Observe from (15) that the information conveyed by the check node i to the variable node j is the product of the information gleaned from all the other edges connected to the check node i. The total information conveyed to the variable node j is the sum of the information arriving from all the check nodes connected to the variable node j.
Next, at the (t + 1)th iteration, the values δ sm,t i,j obtained in the tth iteration are used to update η sm,t+1 j,i for j ∈X j and i ∈C i as follows η sm,t+1
where ε j,i is the normalisation factor to ensure that M−1 m=0 η sm,t+1 j,i = 1. Finally, after the pre-set number of iterations is reached, the detector detects the transmitted symbol of the kth user as
We can see from (15) that the computational complexity is primarily dominated by the upward information transition. The number of multiplications is determined by the size of x x x [i] , while the detection complexity is determined by the M dc−1 possibilities in S dc−1 of (15). Hence, the complexity of the MPAD is O(M dc−1 ).
IV. ANALYSIS OF THE SINGLE-USER PERFORMANCE
AND ITS DISCUSSION This section first analyses the error probability of the SM/MC-SCDMA system supporting a single user, which gives the performance upper-bound. Furthermore, as shown by the results of references [42] , [49] , [50] and those illustrated in Section V, the single user BER performance bound can actually be viewed as the approximate BER performance of the SM/MC-SCDMA system with the optimum MUD or MPAD, when the system supports multiple users up to a loading factor of two, meaning that each subcarrier on average supports two users. Then, from the formulas derived in the single-user case, we gain insight into the performance impact of sparse sequences, and hence into their design.
A. Analysis of Single-User Average Bit Error Ratio
According to the MLD of (8), when the SM/MC-SCDMA system supports a single user, we can represent the MLD aŝ
where the index k is dropped for notational simplicity. Therefore, a detection error occurs, when we should have at least one scenario ofx(=s 1 |s 2 ) = x(= s 1 |s 2 ) resulting in
After some simplifications, (19) can be expressed as
Then, upon substituting y y y n of (3) along with K = 1 into 
where n n n U = (I I I U ⊗ C C C) H n n n is a complex Gaussian distributed vector having the PDF of CN (0, γ −1 I I I U ). Consequently, the pairwise error probability (PEP), when the transmitted x is detected asx = x is given by [ 
where Q(x) is defined as Q(x) = (2π) −1/2 ∞ x e −t 2 /2 dt, and E H H H [·] stands for the expectation with respect to the channels between the K users and the BS, which affect the terms H H He e es 1 and H H He e es 2 in (22) . With the alternative representation of the Q-function [51] of Q(x) = π −1 π/2 0 exp − x 2 2 sin 2 θ dθ, the PEP of (22) 
where Φ H H He e es 1s 2 −H H He e es 1 s2 2 (x) is the moment generation function (MGF) of the random variable H H He e es 1s2 − H H He e e s1 s 2 2 . Following the analysis in [52] and [53] , the average bit error ratio (ABER) of the single-user SM/MC-SCDMA system can be approximately evaluated from the union-bound as
where D(·, ·) is the Hamming distance between two binary entries, and b b b
give the binary representation and symbol of the m-th SSK symbol (when i = 1) or of the m-th APM symbol (when i = 2). Furthermore, in (24) , s . As shown in [52] , errors may corrupt only the SSK symbol, only the APM symbol, or both of them. When considering those three cases separately, the corresponding P EP (x →x) of (23a) can be derived as follows.
Erroneous SSK Symbol Only: When only the SSK symbol is in error, we haves 1 = s 1 ands 2 = s 2 . In this case, (23a) can be reduced to P EP 1 
where v v v 1 = e e es 1 − e e e s1 . Erroneous APM Symbol Only: When errors only corrupt the APM symbol, we haves 2 = s 2 ands 1 = s 1 
where v v v 2 = e e e s1 . 
where v v v 3 = e e es 1s2 − e e e s1 s 2 . As shown in (25) , (26) and (27), in order to evaluate the ABER of (24), we have to derive the MGFs of Φ H H Hv v vi 2 (t) for i = 1, 2 and 3. According to [54] , [55] , we know that
where
H H H(n) represents the nth row of H H H, and h h h = vec(H H H T )
is a M 1 U N -length vector obtained from the rows of H H H. Since the channels experience correlated Rayleigh fading, the MGF of H H Hv v v i 2 can be derived in the same way as that in [54] and [55] , which can be expressed as
det(A A A) denotes the determinant of matrix A A A, R R R is the covariance matrix of h h h that can be expressed as
In R R R, ρ mn (m = 0, 1, . . . , M 1 U N −1; n = 0, 1, . . . , M 1 U N − 1) can be obtained as follows. Let us express m = M 1 i+a and
Furthermore, let i = i N N +c and j = j N N +d, where x gives the largest integer not exceeding x, while c and d are the two subcarrier indices derived from i and j, respectively. Then, we can see that the indices m and n correspond to the same TA and the same RA, only when j = i N N, i N N + 1, . . . , i N N + N − 1 and a = b. Furthermore, ρ mn only becomes nonzero when the two subcarriers determined by i and j, i.e., subcarriers c and d, are activated by the spreading code. Based on the above analysis, we can show that the normalized correlation coefficient ρ mn (m, n) can be expressed in (31) , as shown at the bottom of the next page [56] . From the above analysis and (31), we know that R R R is a sparse matrix having at most U M 1 d 2
x and at least U M 1 d x nonzero elements, corresponding to the pair of cases, when the d x subcarrier channels between a TA and a RA are correlated and independent, respectively. Note that, ρ mm on the diagonal of R R R is either zero, when the corresponding subcarrier is not used by the user, or one, if the user activates the corresponding subcarrier. Furthermore, if the d x subcarriers activated by the user experience independent fading, the U M 1 d x number of 1's are all on the diagonal of R R R.
Given the above preparation, we can now express (25) , (26) and (27) respectively as
Let us express the nonzero eigenvalues of
Then, we can express (32) as P EP 1 (s 1 |s 2 →s 1 |s 2 )
Observe from the above derivation that the computation of P bS is independent of the M 1 SSK symbol s 1 , as seen in (25), (26) and (27), where the impact of the M 1 SSK symbol s 1 is imposed by the multiplication of H H He e e s1 or H H He e es 1 . However, any of them represents the selection of a column from H H H. Since all columns of H H H have the same statistical properties, the resultant MGFs of the different M 1 SSK symbols are the same. Furthermore, according to [52] , when a M 1 SSK symbol is in error, the average number of erroneous bits is 1) ]. By contrast, for the Gray encoded M 2 APM symbols, a symbol error typically yields a single bit error. Consequently, after considering the three erroneous events, we can simplify the expression of (24) tō
where P EP 1 (·), P EP 2 (·) and P EP 3 (·) are given by (33a), (33b), and (33c), respectively. Note that in (34), the factor M 1 b 1 /2M 2 b in the first term at the right-hand side is obtained by letting, (24) , due to the above-mentioned fact thatP bS is independent of the M 1 SSK symbol and owing to applying the average BER 
. Upon substituting these results into the third term of (24), we arrive at the third term at the right-hand side of (34).
B. Discussions
From (32a) -(33c) we realize that given d x and the fading environment, the eigenvalues in (33a) -(33c) are different when different sparse codes are used. Hence this results in different ABER performance. In order to minimize the ABER, it is required to design sparse codes that maximize
Therefore, the specific structure of sparse codes impacts the achievable performance of SM/MC-SCDMA systems.
When there is single user or when the number of users is small, which results in a factor graph that is not well connected, the d x nonzero elements of a user should be distributed as evenly as possible. This allows the d x subcarriers activated by a user to be evenly distributed, and hence the detector beneficially attains frequency diversity in frequencyselective fading channels. We infer from the above formulas that evenly distributed sparse codes results in higher values for J 1 , J 2 or/and J 3 in (35).
When the system supports a relatively high number of users, the corresponding factor graph is usually well connected. In this case, the MPAD is capable of gleaning multiuser diversity from the information exchange between users. However, as our experiments in Section V show, when the fading channel's frequency-selectivity is relatively low, for example L = 2, 3, 4, the specific structure of sparse codes may still have a significant impact both on the values of J 1 , J 2 or/and J 3 , as well as on the achievable BER performance of SM/MC-SCDMA systems.
Below we provide our simulation results along with the single-user BER bound for characterizing the achievable BER performance of SM/MC-SCDMA systems.
V. PERFORMANCE RESULTS
In this section, the BER performance of SM/MC-SCDMA systems is characterized as a function of the number of TA/RAs and the number of resolvable paths, as well as that of the modulation levels and system scale. The SM/MC-SCDMA systems having different user loads of up to K/N = 2 are considered. Note that in our performance studies, the M 2 APMs employed are M 2 QAMs. For convenience, the parameters used for generating the results for the individual figures are detailed in the figures.
In Fig. 4 , we consider a single-user SM/MC-SCDMA system having N = 12 subcarriers, 4SSK and QPSK modulation to investigate the impact of the channel's frequency-selectivity on the BER performance, where the user is randomly occupied d x = 2 of the 12 subcarriers. Both simulation results and the single-user BER bounds are evaluated based on the expressions derived in Section IV. Explicitly, the analytical BER bounds converge to the simulated BER, as the SNR increases. More specifically, for L = 1, the BER bound is nearly the same as the simulated BER, provided that the SNR per bit obeys γ 0 > 15 dB, when U = 1, and γ 0 > 8 dB, when U = 2. For L > 1, we can observe that the BER bound approaches the simulated BER, as L increases from 2 to 3 and to 4. In general, the BER bound is tight, provided that the SNR is sufficiently high, resulting in a BER below 0.01. As shown in Fig. 4 , the SM/MC-SCDMA system is capable of Fig. 4 . Single-user BER bound of (34) for SM/MC-SCDMA systems with N = 12 subcarriers communicating over frequency-selective Rayleigh fading channels having different number of paths. achieving both frequency diversity and space diversity, since the BER performance improves, as L or U increases. Fig. 5 demonstrates the impact of the number of subcarriers occupied by a user on the frequency diversity gain achieved by the SM/MC-SCDMA systems communicating over frequencyselective Rayleigh fading channels. For this investigation, we assume random sparse spreading sequences and set U = 1, K = 1 as well as d x = 4 and 16, respectively. Explicitly, in the case of d x = N = 16, SM/MC-SCDMA achieves full frequency-diversity, and its performance is hence always better than that of the corresponding SM/MC-SCDMA associated with d x = 4, provided that L > 1. We should note that for the case of d x = 4, the achievable frequency-diversity gain is limited by both the values of L and d x . Hence, as shown in Fig. 5 , when L is relatively large, such as L = 4, 8, the loss of diversity gain due to the use of the sparse sequence of d x = 4 is significant in comparison to the case of d x = 16, which achieves full frequency diversity. The above observation is augmented in Fig. 6 , where we fix L = 8 and U = 1 or 2, but vary the value of d x in a singleuser SM/MC-SCDMA system communicating over frequencyselective Rayleigh fading channels. As expected, for a given value of U , the BER performance improves as d x increases, and exhibits a converging trend for d x ≥ 6. Therefore, from the results shown in Figs. 5 and 6 we infer that in the SM/MC-SCDMA supporting single-user (or a low number of users), the employment of sparse sequences strikes a trade-off with the achievable frequency-diversity. Below we will illustrate that the structure of sparse sequences also has an impact on the BER performance of SM/MC-SCDMA systems.
In Fig. 7 , we demonstrate the effect of the sparse codes having different structures on the achievable BER performance. Specifically, we compare two classes of sparse codes, namely the co-located and iteratively distributed sparse codes. Given the parameters of N = K = 16, d x = 2, and that two adjacent users share a single nonzero element, the nonzero elements in these classes of sparse codes are designed to be allocated as follows. For the co-located sparse codes, the d x = 2 nonzero elements of user k, k = 0, 1, . . . , 15, are at the positions of (k + l) mod N for l = 0, 1. For the iteratively distributed sparse codes, the d x = 2 nonzero elements of user k = 0, 1, . . . , 7, are at the positions of (k + 8l) mod 16 for l = 0, 1, while the d x = 2 nonzero elements of user k = 8, 9, . . . , 15, are at the positions of (k + 9l) mod 16 for l = 0, 1. Observe from Fig. 7 that while the co-located sparse codes allow us to obtain multiuser diversity gain via information exchange between different users, the frequency diversity gain achieved by employing iteratively distributed sparse codes is significant for a relatively small value of L, such as L = 2, 4. Specifically for L = 2 and at the BER of 10 −3 , instead of the co-located sparse codes, employing the iteratively distributed sparse codes is capable of attaining an extra of 5.5 dB diversity gain. However, when the channel is highly frequency-selective, resulting in say L = 8, the extra diversity gain provided by the iteratively distributed sparse codes is insignificant compared to that obtained by the co-located sparse codes.
In Fig. 8 the BER performance of the SM/MC-SCDMA systems supporting multiple users at a loading factor of K/N = 1.5 is investigated for several values of L. Note that in Fig. 8 and in the ensuing figures, the single-user bound evaluated from (34) is also plotted. First, we can explicitly observe the benefits of diversity gain, as demonstrated by the improved BER performance upon increasing L. Second, due to the multiuser interference (MUI), the BER performance observed in the low SNR region degrades against the singleuser BER bound. However, when the SNR is sufficiently high to reduce the BER below 10 −3 or 10 −4 , the MPAD allows the highly loaded SM/MC-SCDMA systems to achieve a BER performance near the single-user BER bound.
By fixing U = 1, d x = 2, L = 4 and N = 16, Fig. 9 depicts the BER of SM/MC-SCDMA systems supporting different number of users, with the loading factor up to K/N = 2. Here the co-located sparse codes are employed. In addition to the 16 codes used in Fig. 7 , an extra 16 codes having non-zero positions at (k + l) mod N for l = 0, 2 are used, in order to support K = 32 users. From the results we infer the following observation. First, the existence of multiple users has twin-fold effect. On the one hand, it generates MUI as in any non-orthogonal multiuser systems. On the other hand, it attains a beneficial diversity gain, namely, multiuser diversity. In more detail, when the system only supports a single user, the maximum diversity order that can be achieved by the system is fixed to d x = 2, since only d x = 2 subcarriers are activated and hence the information used for detecting the user can only come from the two active subcarriers. By contrast, when there are multiple users, then more than two subcarriers are active. In this case, a higher diversity order can be exploited for detecting a user by the MPA algorithm via the resultant beneficial information exchange between the different subcarriers. Consequently, as seen in Fig. 9 , the BER performance first improves, as the number of users increases from 1 to 4. However, as the number of users further increases, the MUI starts dominating the achievable performance, hence resulting in the degradation of the BER performance. Second, the results seen in Fig. 9 imply that the MPAD is nearoptimum, and even with the loading factor of 2, there is no error-floor in the SNR range of interest. The performance of the SM/MC-SCDMA system is only about 5 dB worse than the best possible performance, which is achieved for K = 4 users. Fig. 10 quantifies the effect of the number of modulation levels for M 1 SSK and M 2 QAM on the BER performance of SM/MC-SCDMA systems employing regular sparse sequences and d x = 2, d c = 3. First, as shown in Fig. 10 for M 2 QAM modulation, while a higher QAM order achieves a higher bandwidth-efficiency, this is attained at the cost of a degraded BER performance [57] . However, the SM/MC-SCDMA system having the parameters of M 1 = 16, M 2 = 2 and U = 1 is outperformed by the system having the parameters of M 1 = 4, M 2 = 2 and U = 1.
In Fig. 10 , we have demonstrated that the SSK and APM schemes exhibit different characteristics in terms of energy-and bandwidth-efficiency, as well as BER performance. Therefore, in Fig. 11 we further investigate the effect of bit allocation between the two modulation schemes on the Fig. 10 . BER performance of SM/MC-SCDMA systems employing N = 12 subcarriers to support K = 18 users, i.e., with a loading factor of 1.5. Fig. 11 . BER performance of the SM/MC-SCDMA systems with a loading factor of 1.5, when given b = b 1 +b 2 = 5 BPS but using different modulation levels.
system's error performance, under the constraint that the total number of BPS is given by b = b 1 +b 2 = 5. The other settings for Fig. 11 are the same as those for Fig. 10 . The results in Fig. 11 show that for all the cases defined by U = 1, 2 and L = 2, 8, the combination of 8SSK with 4QAM achieves the best BER among the four combinations considered. This observation implies that given the total number of BPS, there exists an optimum bit sharing between SSK and APM that could result in the best BER.
Note that, the results of Figs. 4, 10, and 11 also demonstrate that employing more RAs improves the system's BER, owing to the increase of space diversity.
In Fig. 12 , we now compare our SM/MC-SCDMA system to several other systems, including the SM/MC-SCMA system, which is the generalization of our SM/MC-SCDMA arrangement, the MC-SCDMA system operating without spatial modulation, and an extended version of the MC-SCMA system [58] . Note that, when SCMA [58] is considered, the modulation, constellation shaping and spreading are intrinsically amalgamated for generating a codebook. In this way, user data are no longer carried purely by the classic APM symbols but by the specifically designed multi-dimensional codewords. In Fig. 12 we assume that the system employs N = 12 subcarriers for supporting K = 18 users and transmits at a rate of b = b 1 + b 2 = 4 BPS per user. The SCMA codebook follows the design of [58] , and the corresponding variable of M 2 = 16 represents the per user codebook size. As seen in Fig. 12 , the spatial modulated schemes, namely the SM/MC-SCDMA and SM/MC-SCMA, achieve a better BER performance than the other two schemes operating without spatial modulation. Additionally, the SCMA-based scheme is capable of achieving about 1.5 dB gain over its corresponding SCDMA counterpart, which facilitates fair comparison with the SCMA and SCDMA schemes of [3] . Furthermore, for MPAD, the detection complexity of both SCDMA and of the corresponding SCMA is the same, since in both systems, factor graphs used by the MPA are the same. However, we should note that the transmitter of a SCMA system has higher complexity than that of the corresponding SCDMA system, where the extra complexity imposed by the codeword design, code allocation and storage. By contrast, in SCDMA systems, every user is only assigned a single code for spreading. Additionally, it it worth mentioning that the comparison of spatial modulated systems to conventional MIMO schemes was carried out in [18] , [21] , and [59] , demonstrating that a conventional MIMO scheme is capable of achieving a better BER performance than the corresponding spatial modulated scheme, but typically imposes a higher detection complexity, requires more RF chains, strict inter-antenna synchronization, etc.
Finally, in Fig. 13 we depict the BER of the SM/MC-SCDMA systems at different scales at a fixed loading factor of 2, when communicating over frequency-selective fading channels, and assuming 2SSK/BPSK modulation. Firstly, the results show that the BER improves for U = 1 and slightly also for U = 2, as the SM/MC-SCDMA system dimension becomes larger. This observation follows the MIMO principles [60] : the capacity of MIMO channels increases at least linearly upon increasing the minimum of the number of TA, and RAs. As shown in Fig. 13 , when comparing the scenario of L = 2, N = 128, K = 256 to that of L = 2, N = 16, K = 32, where both cases attain the same bandwidth efficiency of 4 bits per subcarrier per symbol. However, the former scenario requires a 5 dB lower SNR at the BER of 10 −4 . By contrast, when comparing the scenario of L = 8, N = 128, K = 256 to that of L = 8, N = 16, K = 32, the former scheme has a 1 dB SNR gain. Hence, although a more dispersive frequency-selective channel results in a lower SNR gain of 1dB, in general, the SM/MC-SCDMA system supported by the MPA detection becomes more efficient, as the system becomes larger. Secondly, benefiting from spreading and of MPA, a frequency diversity gain can be achieved, yielding a BER improvement, as the channel becomes more frequency-selective. Additionally, as also demonstrated in the previous figures, using more RAs improves the space diversity gain, hence resulting in significant performance improvement when increasing the number of RAs from U = 1 to U = 2.
VI. CONCLUSION
A SM/MC-SCDMA scheme has been proposed with the motivation of providing massive connectivity in nextgeneration wireless systems. In SM/MC-SCDMA, the spatially modulated bits activate a fraction of TAs to transmit the APM modulated bits, which are transmitted after sparse spreading in the frequency-domain over frequency-selective Rayleigh fading channels with the aid of MC signaling. A single-user BER bound has been derived based on the MGF, which is used for investigating the effect of the codes' sparsity on the BER performance. In terms of the detection, MPAD has been introduced to implement low-complexity detection, while achieving near-MLD performance. Our results also demonstrate that in addition to frequency diversity, the proposed SM/MC-SCDMA system attains space diversity by employing RAs. We also observed that there exists an optimal bit-sharing between the SSK and APM modulations. We demonstrated that the BER performance only slightly degrades at a user load of 200%, and the system performs best, when its dimension is large.
In summary, our SM/MC-SCDMA scheme has the following merits. With the aid of SM, MC signalling and low-complexity MPAD, our SM/MC-SCDMA scheme has a compellingly low complexity. Relying on SM, the transmitter of SM/MC-SCDMA can relax the inter-antenna synchronization specifications. Employing sparse spreading beneficially mitigates the PAPR problem of MC signalling at transmitter, while enjoying low-complexity MPAD at the receiver. With the advent of MC signalling and multiple RAs, the performance of SM/MC-SCDMA systems benefits from both space and frequency diversity. Lastly, the introduction of the low-complexity MPAD allows SM/MC-SCDMA systems to achieve near-MLD performance, even when the systems are heavily loaded with the loading factors as high as two or even higher. Owing to these merits, SM/MC-SCDMA constitutes a promising MA scheme for ultra-dense device-centric wireless systems requiring massive connectivity.
In this paper, we have compared the BER performance of our SM/MC-SCDMA and its generalized counterpart SM/MC-SCMA, showing that an extra shaping gain is available. Hence, our future work may further investigate the code design, constellation shaping and in particular, the user/codeword scheduling both in SM/MC-SCDMA and SM/MC-SCMA systems. Additionally, attractive low complexity detectors should be designed for the SM/MC-SCDMA and SM/MC-SCMA systems.
